is developing Nb 3 Sn accelerator magnets for a possible LHC luminosity upgrade. As part of the LARP supporting R&D, a subscale racetrack quadrupole magnet (SQ) has been developed in order to provide a cost effective tool for technology development studies. The first magnet (SQ01), reported earlier, was tested as a proof-ofprinciple model that applied for the first time LBNL shell-based loading structure to Nb 3 Sn racetrack coils in a quadrupole configuration. The new loading structure, pre-loaded with water-pressurized bladders and keys, provided predictable and controllable pre-stress to four subscale racetrack coils, both in the end region and across the straight section. A second magnet (SQ02) has been recently completed, with the goal of assessing the conductor performance and the influence of the coil axial support on training. SQ02 implements four new coils wound around aluminum bronze islands and instrumented with voltage taps and spot heaters, in order to monitor quench locations and propagation velocities. This paper reports the SQ02 test results, including magnet quench performance with respect to short sample expectations, training history, and quench locations.
I. INTRODUCTION
T HE U.S. LHC Accelerator Research Program (LARP), a collaboration between four U.S. laboratories (BNL, FNAL, LBNL, and SLAC), has among its major goals to demonstrate that Nb Sn magnets are a viable choice for an LHC IR upgrade [1] . As a first step towards the development of a 4 m long Nb Sn quadrupole magnet, the construction and testing of a series of 1 m long shell-type "Technology Quadrupoles", (TQS [2] and TQC [3] ), was started on 2004. As part of the LARP Supporting R&D Program, a series of Subscale Quadrupole (SQ) magnets, based on 300 mm long flat racetrack coils, has been launched with the purpose of providing technology development in support of the TQ program. In fact, the parameters and design features of the two series enable the SQ magnets to branch out and address, with dedicated studies, conductor and structural issues related to the TQ performances. The coils are tested in similar operational conditions, in terms of strand current (450 A), field intensity (above 11 T) and directions (parallel to the wide side of the cable), and coil stress (100-150 MPa in the direction perpendicular to the wide side of the cable). Moreover, in both configurations, the coil ends have to withstand an axial Lorentz force of about 350 kN. Additionally, the SQ magnets implement the same type of end support and the same loading procedure currently incorporated in the TQS magnets. The first magnet of the SQ series (SQ01), fabricated in 2004, performed successfully in 2 tests at LBNL [4] and FNAL [5] . These tests provided the first performance feed-back on assembly, loading, and operation of a supporting structure based on an external aluminum shell pre-loaded with bladders and keys. SQ01 was the first magnet where such a structure was applied in a quadrupole configuration. In 2006, a second magnet (SQ02) was fabricated and tested. The main goal of SQ02 was to investigate, through a series of tests, the effects of different axial support loads on training, at the same time validating 3D finite element models related to the interpretations of magnet performance. In addition, since the SQ02 coils were wound with the conductor to be used in TQS01-TQC01, the test was aimed at assessing strand performance in operational conditions. In this paper, after a brief description of the main features of SQ02, we present the results of two tests conducted at LBNL and FNAL, with emphasis on quench performance, locations, and velocities.
II. SQ02 DESIGN FEATURES AND PARAMETERS
Four new coils-designated as SC16, SC17, SC18, and SC19-were specifically fabricated at LBNL for the SQ02 magnet (see main parameters in Table I ). The cable used identical strand and underwent the same heat treatment as the TQ cable. The magnet current limit was computed according to short sample measurements performed on extracted strands [6] . In order to better reproduce the conditions of the TQ magnets, the coils were wound around aluminum-bronze islands, instead of the iron islands implemented in SQ01. Moreover, the horseshoe-end shoe coil containment structure, previously used in SQ01, was replaced with a structure featuring two rails and two end shoes, so that possible mechanical asymmetries between lead and return end were minimized.
Each coil was instrumented with a spot heater in the inner layer, and a total of 10 voltage taps (see Fig. 1 ). In particular, 8 of the taps (4 per layer) were located on the innermost cable around the island (pole turn), where the highest field was expected. These taps subdivided the pole turn into 7 sampling sections: 4 straight sections (2 per layer), 2 return-end sections (1 per layer), and a lead-end section (where the layer-to-layer transition was located). The straight sections (VT1-VT2 and VT3-VT4) are respectively 152 mm and 124 mm long, while the return-end (VT2-VT3) and the lead-end (VT4 -VT4 ) sections are respectively 58 mm and 116 mm long. By using the "time of flight" technique and assuming a constant field along each section, these arrays of voltage taps allowed estimating the location of the quench initiation region and its propagation velocity. The magnetic field reaches its maximum of 11.1 T at 9.9 kA (short sample current at 4.3 K) at the center of the end sections (tip of the pole piece) and decreases towards the straight section. In particular, the average magnetic fields in the end and straight segments are respectively 10.6 0.5 T, and 9.7 0.5 T.
III. TEST AND ANALYSIS OVERVIEW
SQ02 was assembled and pre-loaded at LBNL. The shell and the aluminum rods (see Fig. 2 ) were instrumented with strain gauges, and their stress conditions were monitored and recorded during all room-temperature loading, cool-down, and magnet operations (see Fig. 3 ). With respect to SQ01, a new room temperature loading schedule was implemented. Subsequently, this was incorporated into the TQS01 magnet loading procedure. The room-temperature pre-loading operation started with minimum stress in the outer shell, but sufficient to ensure tight contact among all magnet components (load step 1). Then, the tension in the axial rods was increased to 70 MPa (load step 2). Finally, the bladders were pressurized to bring the shell azimuthal pre-tension to 30 MPa (load step 3). This procedure, called "axial first", minimized the friction between coils and surrounding pads during axial loading. After cool-down, the rods reached a stress of 125 MPa, corresponding to a total axial load on the magnet ends of about 270 kN, while the shell tension rose to 95 MPa. At these conditions, the computed coil compression in the straight section was about 120 MPa. SQ02 was then tested at 4.3 K, and training, ramp-rate dependence, and spotheater induced quenches were performed through two thermal cycles. After warm-up, the magnet was re-loaded at room-temperature (SQ02b) with a rod tension of 130 MPa, maintaining the shell load at the same level. The "axial first" procedure was again applied with minimum shell tension. The magnet was then shipped to FNAL and tested. The stress reached by the rods after cool-down to 4.5 K was 190 MPa, corresponding to a total axial load on the magnet ends of about 415 kN. The test at FNAL included training quenches, both at 4.5 K and 1.8 K, and ramp-rate quenches, as well as temperature dependence studies and magnetic measurements (not part of this paper).
The magnet performance, with a focus on training behavior and quench location, was interpreted and analysed through a 3D finite element model of the magnet's entire geometry. In Fig. 4 a view is shown of the modeling for the coil end support, pointing out the critical contact area between pole turn and island. The model, with a friction coefficient of 0.2 between all the contact surfaces, provided detailed insight of all the displacements and deformations experienced by the coil turns during assembly, cool-down and excitation.
IV. TEST RESULTS

A. Training Quenches
In Fig. 5 , all the SQ02 and SQ02b training quench currents are plotted. In the first thermal cycle, SQ02 started training at 5.9 kA (60% of ), and reached 7.9 kA (90% of ) in 13 quenches. The quench current continued increasing at a lower slope in the following quenches, up to a maximum current of 9.4 kA (96% of ) at quench 36. In the second thermal cycle, the magnet exhibited full memory, with a first quench at the same current level as the peak current of the first thermal cycle. After few training quenches, the magnet reached a plateau current of about 9.6 kA (97% of ), where the magnet performance appeared to be conductor limited. All the quenches (both thermal cycles) were located at the pole turn.
By monitoring the propagation of the normal zone along the quenching segments, we estimated the quench locations during training. In Fig. 6 , the SQ02 training quenches are subdivided into four groups and the quench locations are plotted in a schematic representation of the pole turn. In the first 13 quenches of the first thermal cycle, characterized by a rapid Fig. 6 . Locations of SQ02 training quenches in the inner layer (round markers), and in the outer layer (diamond markers). Quenches have been subdivided in four groups. Fig. 7 . Computed sliding distance (positive) and gap distance (negative) between the coil and the island along a path from the center of the straight section to the end section (see contact elements in Fig. 4) . increase of quench current, the quench locations started in the end segment and progressively moved towards the central segment. In the following quenches (from #14 to #39), as well as at the beginning of the second thermal cycle (from #1 to #8), all but one of the quench origins were located in the central segments. When the magnet reached its 4.3 K plateau, most of the quenches occurred in end segment (peak field region), as expected.
To investigate the possible causes of the SQ02 training behavior, the 3D mechanical analysis focused on the contact region between pole turn and island (Fig. 4) . In Fig. 7 , the results of the computations are plotted on a path along the coil-island contact region, centered in the transition between the end and the straight section. The simulation indicates that, when the magnet is energized, the axial component of the Lorentz force tends to stretch the coil along the longitudinal direction. The resulting coil elongation produces two combined effects in the contact surface between the pole turn and the island: a separation (gap) in the end region, and a relative motion in the straight section (sliding). The predicted end gap (negative in sign) increases from 0.03 mm at 6 kA to 0.08 mm at 10 kA, whereas the relative sliding (positive in sign) propagates in the straight section. Therefore, consistent with the SQ02 quench locations, the analysis model predicts a quench-triggering displacement, moving from the end to the straight section with the increase of Lorentz force during excitation.
After a substantial increase of axial pre-load, the magnet (SQ02b) was retested at 4.5 K. The first training quench occurred at 9.1 kA and the highest current of 9.5 kA was reached at the 16th attempt. Similarly to the SQ02 second thermal cycle, the first 14 quenches were all located in the straight sections, while the plateau quenches (from #15 to #20) were all in the peak field region. When the magnet was cooled down to 1.8 K, the quench current went in 6 straight-section quenches from 9.8 kA (90% of ) to 10.6 kA (98% of ), where the magnet exhibited the usual plateau end-section quenches.
B. Ramp-Rate Dependence and Propagation Velocities
Ramp-rate dependence studies were performed at 4.3 K, 4.5 K, and 1.8 K. In Fig. 8 the quench currents are plotted as a function of the ramp rate, ranging from 20 A/s to 1200 A/s: the extrapolated low ramp-rate quench currents are all consistent with the maximum current reached during training.
By monitoring the propagation of training quenches and spot heater induced quenches, we evaluated the normal zone velocities along end and straight sections. In Fig. 9 we plot for each segment the measured velocity as a function of the current margin , where is the short sample current based on the average field of the segment ( and ). The measured velocities vary exponentially from 8 m/s to 40 m/s, with an expected maximum propagation velocity of about 60 m/s at short sample.
V. CONCLUSIONS AND FUTURE PLANS
The SQ02 racetrack quadrupole magnet was fabricated to perform training and conductor studies in support of the TQ pro- gram. The magnet was tested at 4.5 K at LBNL, and then, after an increase of the axial load, shipped to FNAL for a second test at 4.5 K and 1.8 K. The maximum current reached at the different temperatures was consistent with the short sample expectations based on strand measurements. All the training quenches occurred in the pole turn, and their locations were reproduced by a 3D finite element analysis, which predicted separation and sliding of the coil with respect to the island.
One of the goals of the tests was to evaluate the impact of axial load on magnet training. After the SQ02 test, the shell was unloaded azimuthally and the axial load increased by a factor two. It is not clear if the azimuthal unloading canceled the training memory that the magnet exhibited in the SQ02 second thermal cycle. Therefore, at the moment, it does not seem possible to assess if the training performance of SQ02b should be compared with SQ02 in the first thermal cycle (virgin magnet) or in the second thermal cycle (trained magnet). As a next step, a third test (SQ02c) without any axial support is planned. In these conditions, the expected pole turn motion will be significantly larger then the one predicted for the previous tests. The results will be compared with the training performance of SQ02b.
